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ABSTRACT The commercial release of transgenic maize with resistance to rootworms incorporated
with glyphosate tolerance has become a reality, and questions have arisen regarding the impact of
grassy weed phenology on the biology of the western corn rootworm, Diabrotica virgifera virgifera
LeConte. A study to determine the impact of host plant phenology on the survivorship (percentage
larval recovery), growth (dry-weight gain), and development (change in head capsule width) of
western corn rootworm larvae was conducted in a split-split-plot randomized complete block design
experiment under greenhouse conditions. Six host species were evaluated under eight weekly infes-
tations of 15 neonate western corn rootworm larvae that were sampled for larval recovery after 7, 14,
and 21 d, each with Þve replications. Percentage larval recovery, change in head capsule width and
weight gain were signiÞcantly impacted by infestation time and host species. Other than from maize,
Zea mays L., larval survivorship was highest in large crabgrass,Digitaria sanguinalis L. Scop, followed
by giant foxtail, Setaria faberi R. A. W. Herrm, witchgrass, Panicum capillare L., woolly cupgrass,
Eriochloagracilis, andgreen foxtail,SetariaviridisL.P.Beauv. Infestation inweeks4, 5, and6 supported
western corn rootworm survivorship, growth, and development better than infestation at later times.
Alternate host phenology may be an important larval movement factor between grassy weeds and
transgenic rootworm-resistant maize.
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THE WESTERN CORN ROOTWORM,Diabrotica virgifera vir-
gifera LeConte, is one of the most economically im-
portant insect pests of maize,ZeamaysL. (Levine and
Oloumi-Sadeghi 1991), with an extensive range and
abundance in North America (Krysan and Branson
1983). Applications of soil insecticides and aerial ap-
plication of contact insecticides in the past have led to
the development of resistance to cyclodiene, organo-
phosphate, and carbamate insecticides in the western
cornrootworm(Ball andWeekman1963,Meinkeet al.
1998, Wright et al. 2000). In addition, years of annual
maize and soybean rotation in some parts of the U.S.
Corn Belt have resulted in the selection for a behav-
ioral variant of the western corn rootworm that over-
comes the maizeÐsoybean rotation management tac-
tic. Damage to rotated (Þrst-year) maize by western
corn rootworm has been reported in Illinois (Levine
and Gray 1996), Indiana (Sammons et al. 1997), Iowa
(Rice and Tollefson 1999), and Michigan (DiFonzo

1998). These populations lay eggs in maize Þelds as
well as outside the maize Þelds (Levine et al. 2002).

Because western corn rootworm has exhibited a
plasticity to circumvent most tactics used for manag-
ing this pest, new management tactics must be devel-
oped and implemented. The latest tool is the deploy-
ment of transgenic maize expressing the Cry3Bb1
endotoxins from Bacillus thuringiensis Berliner (Bt)
(Vaughn et al. 2005). The demonstrated ability of corn
rootworms to develop resistance to insecticides and
overcome the barriers of crop rotation shows the need
for a rigorous and cautious insect resistance manage-
ment (IRM) program. Without such a program, any
beneÞts to farmers and/or the environment from the
use of transgenic corn could be ßeeting. IRM refers to
practices aimed at increasing the time required for
insect pests to become resistant to a pesticide.

Several interest groups have expressed concern that
widespread planting of transgenic plants could hasten
the development of resistance to pesticidal Bt endo-
toxins. Because of this concern, the Environmental
Protection Agency (EPA 2003) mandates that all reg-
istrants submit an IRM plan before registration of a
Bt crop. There are a number of research areas for
which more information is needed to deÞne an opti-
mal IRM plan for rootworm-resistant transgenic corn,
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including the role of alternate hosts in population
dynamics and biology of the western corn rootworm.

Branson and Ortman (1967) reported the Þrst
successful rearing of the western corn rootworm on
the roots of plants other than maize, and recently,
Clark and Hibbard (2004), Oyediran et al. (2004), and
Wilson and Hibbard (2004) showed larval develop-
ment to at least second instar on 50 of the 60 species
evaluated. Oyediran et al. (2005) showed that sig-
niÞcantly more adults emerged from mixtures of
Cry3Bb1 transgenic corn with weeds than from weeds
or transgenic corn alone. These results indicate that
the presence of grassy weeds potentially impacts the
production of western corn rootworm adults. How-
ever, timing of weed availability and egg hatches
could have a large impact. Studies conducted by Apple
and Patel (1963) and Strnad and Bergman (1987)
suggested that corn rootworm larvae prefer newly
developed roots. The objective of our study was to
document the impact of host plant phenology on the
development and survivorship of western corn root-
worm larvae on several host plant species.

Materials and Methods

Plant Material and Insects. The study was con-
ducted in a greenhouse on the University of Missouri-
Columbia campus in 2003. The experimental design
was a randomized complete block split-split-plot in
space and time with Þve replications. The main plot
consisted of six plant species: maize, Zea mays L. hy-
brid P3394 (Pioneer Hi-Bred, Johnston, IA); large
crabgrass, Digitaria sanguinalis L. Scop; giant foxtail,
Setaria faberi R.A.W. Herrm; witchgrass, Panicum
capillare L.; woolly cupgrass, Eriochloa gracilis Kunth;
and green foxtail, Setaria viridis L. P. Beauv. All
species except maize were purchased from Valley
Seed Service (Fresno, CA). The subplot consisted of
eight successive weekly infestations (4Ð11 wk after
planting) and the sub-subplot was comprised of
three larval recovery sampling times (7, 14, and 21 d
after infestation) to examine larval development. A
total of 720 pots were planted: 1 pot for each of the
three sample times, for each of the eight infestation
times, for each of the six species, and replicated Þve
times.

The plant growth medium was comprised of soil
that had been steam-sterilized for 45 min in an auto-
clave (Amsco Eagle model 2051; Lancer Medical Ser-
vices, Azusa, CA) and mixed with a peat-based me-
dium (Promix; Premier Horticulture LTEE, Quebec,
Canada) in a ratio of 2:1. Plant growth medium was put
into 10-liter pots (model conÞdence limits-600; Hum-
mert International, St. Louis, MO) followed by plant-
ing. Each pot had Þve openings at the bottom that
were Þtted with a Þne (114-�m openings) stainless
steel mesh (TWP, Berkley, CA) mesh to prevent
larval escape (Clark and Hibbard 2004). Planted pots
were arranged randomly on greenhouse benches by
subplots, each with columns of eight pots that cor-
responded to infestation time and rows that corre-

sponded to sample date (order was randomized from
subplot to subplot).

On germination, seedlings were watered as nec-
essary, fertilized every 2 wk with PeterÕs fertilizer
(20-20-20 NKP; United Industries, St. Louis, MO) at a
rate of 0.6 g/liter of water, and grown under 14:10
(L:D) h, with natural light supplemented by 1,000-W
sodium bulbs (GE Lighting, Cleveland, OH) and a
temperature of 25 � 2�C as monitored with a temper-
ature recorder (model SL 4350 C7C; Dickson Co.,
Addison, IL).

The larvae used in this study were from the non-
diapausing western corn rootworm colony we main-
tain that was originally obtained from the Northern
Grain Insects Research Laboratory, USDA-ARS lab-
oratory, Brookings SD. Larvae from this nondia-
pausing colony have provided root feeding damage
on corn under Þeld conditions that was not signiÞ-
cantly different from diapausing western corn root-
worm larvae in direct Þeld comparisons (Hibbard et al.
1999). The average head capsule width and dry weight
of a subsample of 100 neonate western corn root-
worm larvae were determined before infestation and
used in subsequent data analysis. From the 4th week
through the 11th week after planting, randomly as-
signed subsamples of each host plant species were
infested weekly with 15 neonate western corn root-
worm larvae per pot. The infestations were con-
ducted by transferring the neonates to the pots using
a moistened Þne camel hair brush.
Data Collection. After each infestation time, larvae

were allowed to feed and then recovered 7, 14, and
21 d after each respective infestation using Tullgren
funnels Þtted with 60-W light bulbs and collecting
jars half-Þlled with tap water. Each respective larval
recovery date was comprised of Þve pots per alternate
host species. Jars were checked after 2 and 4 d in the
Tullgren funnels. All recovered larvae were trans-
ferred to 95% ethanol, counted, and measured for
head capsule width. Each larva from all samples (in-
cluding the initial neonate subsamples) was measured
for head capsule width using an ocular micrometer
(10x/21; Wild Co., Heerbrugg, Switzerland) mounted
on a microscope (M3Z; Wild Co.). After head capsule
measurements were completed, larvae were placed
in scintillation vials and dried in a desiccating oven
(Thelco model 16; GCA/Precision ScientiÞc Co.,
Chicago, IL) at 90�C for 24 h. The dry weight of larvae
was measured using an Electronic Balance (SR-182A;
A&D Co., Tokyo, Japan), with total weight for all
dried larvae from individual samples (including the
initial subsample) being recorded. The average dry
weight for each individual larva was calculated by
simple division.
Statistical Analysis. PROC MIXED of the statistical

package SAS (SAS Institute 1990) was used for data
analysis. A separate analysis was done for percentage
larval recovery, larval weight gain, and change in head
capsule width. All data were analyzed as a 6 � 8 � 3
(plant species � infestation date � sample date) fac-
torial randomized complete block split-split-plot in
space as outlined in Steel and Torrie (1980). The linear
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statistical model contained the main plot of plant spe-
cies, the subplot effect of infestation date, the sub-
subplot effect of sample date, and all possible inter-
actions of plant species � infestation date � sample
date. Replications within plant species served as the
denominator of F for testing the effects of plant spe-
cies. Replications within infestation dates and sample
dates were used as the denominator of F for testing
treatment and the interaction of infestation dates �
sample date. All other effects used the residual error
for the denominator. Beyond the standard analysis of
variance (ANOVA), we compared the means for the
interactions of species and infestation time that were
signiÞcant (� � 0.05). This was done with the LS
MEANS output from PROC MIXED using a least sig-
niÞcance difference (LSD) test. Although untrans-
formed data are shown in the tables, percentage data
were transformed by (arcsine square root of x) as
suggested by Snedecor and Cochran (1989) for per-
centage data.

Results

Larval Survivorship. Larval survivorship, as indi-
cated by mean percentage larval recovery, was signif-
icantly impacted by the host plant species, infestation
time, the interaction of host plant species � sample
date, and the interaction of infestation time � sample
date (Table 1). Larval survivorship was highest in
maize followed by large crabgrass (Fig. 1). The num-
ber of larvae surviving on all host plants from the Þrst
three infestations (fourth, Þfth, and sixth weeks) was
relatively higher compared with those surviving fol-
lowing subsequent infestations except the last infes-
tation in maize (Fig. 1). Sampling date did not have
a signiÞcant impact on percentage larval recovery
(Table 1).

Larval Growth and Development. The average dry
weight of neonate western corn rootworm larvae was
determined to be 9.298 �g from the pooled subsample
of 100 neonate larvae. The average dry weight gain per
larva was signiÞcantly impacted by host plant species,
infestation time, sampling date, and all possible inter-
actions (Table 1). In general, larvae gained more
weight during early infestation times (4Ð6 wk after
planting) than they did during late infestations. This
difference was signiÞcant only within maize and large
crabgrass (Table 2). Average weight gain was signif-
icantly greater on maize than on all other species and
was signiÞcantly greater on large crabgrass than on
woolly cupgrass or green foxtail (Table 2). Among the
grassy weed species, larval weight gain was highest in
large crabgrass followed by giant foxtail, witchgrass,
woolly cupgrass, and green foxtail, in descending or-
der (Table 2).

The average head capsule width of neonate western
corn rootworm larvae was determined to be 0.220 �
0.002 mm from the subsample of 100 larvae. Increase
in mean head capsule width was signiÞcantly affected
byhostplant species, infestation times, samplingdates,
host plant species � sampling date, and infestation
time � sampling date (Table 1). The interaction be-
tween host plant species and infestation time, and the
overall interaction between host plant species, infes-
tation time, and sampling date, did not have a signif-
icant impact on head capsule width (Table 1). The
increase in mean head capsule width generally was
highest during the early stages of plant growth (the
Þrst few infestations) and gradually declined with
infestation time (Fig. 2). Increase in larval head cap-
sule width among species was highest in maize fol-
lowed by large crabgrass (Fig. 2).

Table 1. ANOVA for percentage larval recovery, dry weight gain, and change in head capsule width

Analysis Effect df1 df2 F P

Larval recovery
Species 5 20 46.09 �0.0001
Infestation time 7 162 9.03 �0.0001
Species � infestation time 35 162 1.38 0.0940
Sampling date 2 372 2.09 0.1254
Species � sampling date 10 372 4.51 �0.0001
Infestation time � sampling date 14 372 2.42 0.0029
Species � infestation time � date 70 372 1.16 0.1999

Dry weight gain
Species 5 20 16.54 �0.0001
Infestation time 7 162 8.63 �0.0001
Species � infestation time 35 162 2.76 �0.0001
Sampling date 2 372 16.85 �0.0001
Species � sampling date 10 372 14.98 �0.0001
Infestation time � sampling date 14 372 2.28 0.0054
Species � infestation time � date 70 372 1.61 0.0030

Change in head capsule width
Species 5 20 60.98 �0.0001
Infestation time 7 162 23.84 �0.0001
Species � infestation time 35 162 1.26 0.1668
Sampling date 2 372 68.24 �0.0001
Species � sampling date 10 372 13.59 �0.0001
Infestation time � sampling date 14 372 1.73 0.0472
Species � infestation time � date 70 372 0.84 0.8191

df1, numerator degrees of freedom; df2, denominator degrees of freedom.
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Discussion

The commercial release of transgenic maize with
resistance to rootworms incorporated with glyphosate
tolerance is now a reality, and maize producers in the
United States and Canada have a new tool at their
disposal to combat the corn rootworm complex. Bran-
son and Ortman (1967, 1970), Clark and Hibbard
(2004), and Wilson and Hibbard (2004) showed that
many grassy weed species found in or around corn-
Þelds are able to support the growth and develop-
ment of western corn rootworm larvae. Larval devel-
opment on grassy corn Þeld weeds has potentially
important implications regarding the development
of appropriate resistance management strategies be-
cause larvae could move from weeds to transgenic
maize after the weeds are removed or become phe-
nologically less appealing. Results from this study
document that host plant phenology could signiÞ-
cantly impact survivorship, growth, and development
of western corn rootworm larvae and thus support
the supposition that host plant phenological changes
and subsequent plant nutritional status changes could
encourage movement of larvae from weeds to trans-

genic maize. The possibility of such larval movements
taking place is supported by Þndings in a recent study
by Hibbard et al. (2004) in which they concluded that
western corn rootworm plant-to-plant movement was
motivated by a search for food.

This study documents that plant age signiÞcantly
impacts survivorship, growth, and development of
western corn rootworm larvae as indicated by the
effect of infestation time on the response variables.
Weight gain was reduced and head capsule width
increased more slowly when older host plants were
infested compared with those that were infested
4Ð6 wk after planting (Figs. 1 and 2). For example, it
is likely that the increase in larval recovery from the
last maize infestation time (Fig. 1) was caused by
enhanced maize root volume but reduced weight gain
(Table 2), and signiÞcantly smaller head capsule
widths (Fig. 2) compared with larvae recovered from
the earlier maize phenologies indicates a loss in nu-
tritional value for developing rootworm larvae as
the plants aged. This shows that, although older hosts
do support survivorship, they are not as suitable to
sustain robust larval growth (weight gain) and de-

Fig. 1. Percentage larval recovery from six host plant species in different greenhouse pots infested at one of eight weekly
infestation times with 15 neonate western corn rootworm larvae. LSD1 is the LSD in percentage larval recovery between
host plant species within an infestation date. LSD2 is the LSD in percentage larval recovery between infestation times within
a plant species. The three sampling dates for each infestation time were pooled and averaged because there was no signiÞcance
among them.

Table 2. Average weight gain (dry weight in �g � SEM) of larvae recovered from six host plant species in different greenhouse pots
infested at one of eight weekly infestation times (I.T.) with 15 neonate western corn rootworm larvae*

I.T. Green foxtail Witchgrass Cupgrass Giant foxtail Large crabgrass Maize I.T. main effects

Fourth 49.00 � 24.09aC 56.49 � 24.54aBC 25.01 � 6.89aC 58.63 � 20.12aBC 129.64 � 49.36aB 479.48 � 263.27aA 133.04 � 28.07a
Fifth 13.78 � 1.00aC 57.55 � 24.93aBC 26.37 � 13.31aBC 27.68 � 10.69aBC 96.07 � 39.40abB 372.94 � 207.99bA 99.07 � 20.43b
Sixth 5.09 � 3.25aC 46.68 � 36.80aBC 12.09 � 9.20aC 197.10 � 181.89aB 37.18 � 15.04bBC 273.49 � 158.17cA 95.27 � 34.25b
Seventh 0.00 � 0.00aB 46.68 � 36.80aBC 13.97 � 8.82aB 15.23 � 6.53aB 32.32 � 16.85bB 145.21 � 66.00deA 34.67 � 10.23c
Eighth 0.00 � 0.00aB 1.38 � 1.38aB 7.19 � 3.90aB 4.25 � 4.25aB 55.32 � 32.60bB 168.78 � 99.05dA 39.61 � 14.00c
Ninth 7.17 � 7.67aB 11.81 � 11.41aB 14.76 � 0.78aB 2.44 � 5.37aB 40.89 � 16.70bAB 111.87 � 49.35deA 34.07 � 8.12c
Tenth 6.85 � 1.36aB 8.19 � 1.57aB 7.52 � 4.79aB 5.52 � 1.38aB 49.33 � 30.86bAB 82.19 � 50.13eA 26.60 � 6.05c
Eleventh 3.43 � 1.80aB 3.21 � 1.65aB 8.19 � 2.35aB 5.08 � 5.08aB 19.67 � 7.38bB 103.09 � 49.48deA 23.78 � 5.65c
SMEa 10.83 � 2.60C 23.78 � 6.65BC 14.34 � 2.76C 40.89 � 23.44BC 58.09 � 8.48B 220.77 � 27.76A

* Data from three sample dates (7, 14, and 21 d) for each infestation time were combined and averaged. Means in the same row followed
by the same capital letter and means in the same column followed by the same lowercase letter are not signiÞcantly different according to
FisherÕs protected LSD test (� � 0.05).
a Species main effects.
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velopment (as determined by increase in head capsule
width, which is indicative of development to ad-
vanced larval instars). Alternative host plants in the
Þeld might support early western corn rootworm lar-
val survival and growth but not necessarily subse-
quent larval development if only older hosts are avail-
able. In related Þeld and greenhouse studies with
maize, western corn rootworm larvae could establish
on late phenology maize plants, but adult emergence
was greatly reduced (B.E.H., unpublished data).

Studies on the feeding behavior of many insects
have shown larval feeding changes with seasonal
changes in plant nutrients. The nutritional quality of
plants to herbivorous insects varies genetically, tem-
porally, and spatially (Whitham 1981, Waltz and Whit-
ham 1997, Lawrence et al. 2003). Seasonal changes in
plant nutritional quality are a major source of variation
on the temporal scale and have been shown to affect
the population dynamics of a broad range of phyto-
phagous insects (Feeny 1970, Kearsley and Whitham
1989). The plant phenological age hypothesis pre-
dicts that phytophagous insects should prefer and per-
form better on phenologically young plants than on
old plants because plant nutritional quality decreases
with plant phenological age (Scheirs et al. 2002).

As a general rule, the nutrient level, i.e., nitrogen
and water, decreases while the non-nutrient content
and leaf toughness increase with plant phenological
age (Feeny 1970). Three types of processes inßuence
the seasonal changes in plant nutritional quality: on-
togenetic processes such as maturation (Kearsley and
Whitham 1989), physiological processes such as se-
nescence (Kearsley and Whitham 1989), and a broad
range of abiotic (temperature, rainfall) or biotic (her-
bivores, diseases) environmental variables (Karban
1990).

Feeny (1970) reported that concentration in the
spring of feeding by winter moth caterpillars, Oper-
ophtera brumata L., and other species of Lepidoptera
on oak trees in England is believed to be related to
seasonal changes in the texture and chemical compo-
sition of the leaves. Early feeding was seen to coincide

with maximum leaf protein content and minimum leaf
sugar content, which suggested that availability of
nitrogen, rather than of carbohydrate, may be a lim-
iting factor for spring-feeding larvae. Riipi et al. (2002)
studied seasonal changes in birch leaf chemistry. They
reported that co-occurring changes in physical leaf
traits and concentrations of several compounds indi-
cated a seasonal decline in foliage suitability for her-
bivores. Concentrations of birch leaf proteins and free
amino acids declined through the growing season and
individual sugars showed variable seasonal patterns.
While a detailed study examining the nutritional qual-
ities and composition of roots for western corn root-
worm development has not been reported, Stavisky
and Davis (1997) provided anecdotal evidence to
this effect where they observed that western corn
rootworm larvae not only prefer newly developed
roots (Strnad and Bergman 1987) but may also require
younger roots for establishment. It is possible that a
similar scenario occurred in the roots of the grassy
weeds evaluated in this study but additional experi-
mentation would be required to conÞrm this scenario.

Percentage larval recovery, head capsule width in-
crease, and larval weight gain differed within and
between the various host plant species. This indicates
that plant species also signiÞcantly impacts larval sur-
vivorship, growth, and development. Certain weed
species in cornÞelds could have more serious impli-
cations for potential insect resistance management
than others. For example, on average, more larvae
were recovered from large crabgrass than other grass
species, except maize, and they generally gained more
weight and increased in head capsule width more as
well. This implies that in a corn Þeld, where suitable
grassy weeds sometime abound, establishment and
development of signiÞcant numbers of corn rootworm
larvae may occur on species other than maize, and the
larvae could move on to transgenic maize, once cir-
cumstances in their microenvironment change
through weed removal or phenological changes. Be-
cause larger larvae are not controlled by the Cry3Bb1
toxin as expressed in current hybrids (EPA 2002), it is

Fig. 2. Mean head capsule width of larvae from six host plant species in different greenhouse pots infested at one of eight
weekly infestation times with 15 neonate western corn rootworm larvae. LSD1 is the LSD in head capsule width between
host plant species within an infestation date. LSD2 is the LSD in head capsule width between infestation times within a plant
species. The three sampling dates for each infestation time were pooled and averaged.

December 2005 CHEGE ET AL.: HOST PHENOLOGY AFFECTS ROOTWORM DEVELOPMENT 1445



suspected that a signiÞcant number of such larvae
could withstand the Bt toxin in the transgenic maize.
The long-term implications of such movement for
transgenic events that are not high dose, such as
Cry3Bb1, have yet to be determined.
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